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SUMMARY 

Variow configurations of Edge Delamination Tension !EDTI test specimens 

were manufactured and teated to assess the usefulness of each configuration for 

measuring interlaminar f r a c t u r e  toughness. Tes ts  were performed on both bri t t le 

(T300/5208) and tou@ened-matrix ( Q O O / B P 9 0 7 )  graphi te  reinforced composite 

lamirtates. The mi%ed-mode interlaminar f r ac tu re  toughness,(;,, was measured 

during tension teats of (30/-302/30/90n)s, n=1 or 2, (35/-35/0;90),. and 

(35/0/-35/90Is layups designed t o  delaminate at  low t e n s i l e  s t r a ins .  Laminates 

uere made without i n s e r t s  so that delaminations would form na tu ra l ly  between the 

cen t r a l  90° p l i e s  and the  adjacent  angle plies.  Laminates were also made w i t h  

Teflon i n s e r t s  implanted between the 90° p l i e s  and the  adjacent angle (0) p l i e s  

a t  the straight edge t o  obta in  a p lanar  fracture surface. I n  addi t ion,  mode I 

interlaminar tension f r ac tu re  toughness, GI=, w a s  measured from laminates w i t h  

the same layups but with i n s e r t s  in the midplane, between the cen t r a l  90° pl ies ,  

a t  the straight edge. A l l  cf the EDT configurations were useful for ranking the 

delamination res i s tance  of coniposites with d i f f e r e n t  matrix res ins .  Furthermore, 

the var ie ty  of layupa and configyrations ava i lab le  y ie ld  interlaminar f rac ture  

tcughness measurements ,both pure mode I and mixed mode, needed t o  generate 

delamination failu'e criteria. 

The influence of i n s e r t  thickness and locat ion,  and coupon s ize  on Gc 

values were evaluated. For toughened-matrix composites, laminates w i t h  1.5-mil 

th i ck  in se r t s  yielded interlaminar Fracture toughness numbers consis tent  w i t h  

data generated from laminates wi thou t  inser t s .  Coupons of various sizes y ie lded  

similar C values. The influence of res idua l  thermal and moisture stresses on 

calculated s t r a i n  energy release rata  f o r  edge delamination was also reviewed. 

Eage delamination data may be used to  quantify the  relatiqe influence . I f  
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r e s i d u l  thermal and mofsture stresses on interlaminar fracture for different 

composite mterlals. 

Aa Fini te  element size a t  delamination f ront  

E bial mrxlulus 

Laminate modulua 

E Modulus of laatinate ampletelj  delaminated 

along one or mre interfaces 

Lamina moduli 

i 

1 r E 2 2  
GI2 Lamina shear moduli 

G Strain energy release rate 

GI,GII,GIII Strain energy release rate cwponents due to  openin& 

sl iding shear, and tearing shear fracture illodes 

8,GHiT,piTiH Strain energy release rate due to mechanical, mechanical 

p lus  thermal-, and mechanical p lus  thermal plus hygroscopic 

loads 

G, Critical strain energy release rate for delamination onset 

Critical mode I strain energy release rate for 

delamination onset 
GIc 

AH Percentage moisture weight gain 

h p l y  thickness 

N Number of plles 

N , N  ,Nxy In-plane stress resultants 
X Y  

2 



Hx ,My ,MW tlomnt resultants 

[Ql Transforwl reduced stiffhess matrix 

AT Temperature difference between stress-free temperature 

and test temperature 

t laminate thickness 

tA Thickness of adhesive bond 

u Strain energy density 

E ,e ,Y In-plane strains 

IC ,IC ,K Out-of-plane curvatures 
X Y X Y  

x Y XY 

Lamina Poisson*s ratio -1 2 

a stress 

9 Fiber orientation angle 
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A simple tenslon test w& proposed for measuring the mixed-mode 

interlIminW fracture toughnearr of eompositea [l-SI. I n  t h i s  test,laminates are 

loatled i n  tension to develop high interlaminar tenbile and mew stresses a t  the 

straiat  edge causing d e l ~ i n a k i c r m .  For these ltmintates, a noticeable change i n  

the linear load-defleotion curve OCCUTS a t  the on-t of edge delamination. The 

strain a t  delamination onset i8 aubotituted into a closed farm equation for 

stfain energy release rate, 0, to obtain the critfbal value, Gem for edge 

delamination. This Gc value is a meaeure of the  interlaminar f'racture toughness 

of the composite material. F in i te  element analyses are performed to obtain the 

contribution of the crack-opening, Qt, sliding-shear, GIr , and tearing-shear , 
GIlr, iracture modes to  the total  strain energy Pelease rate. 

The edge del&nlnation tension (EDT) tes t  has been used to rank the  relative 

delamination resistance of composites with br i t t le  and toughe- d-resin matrices, 

and determine their fracture mode dependence. However, the accuracy of 

interlaminar fracture toughness measurements generated from such tests has been 

questioned C63 Self-similarity of dQl&ination growth, accuracy of the finite 

element analysis of mixed-modo ratio ratios, and the influence of residual 

thermal and moisture stresses on cr i t ical  strain energy release rates, C,, are 

some of the concerns that have been raised. Recently, a pure mode I version of 

the EDT test ,  with Teflon inserts embedded i n  the midplane a t  the straight edge, 

was proposed t o  overcome some of these ooncerns [7]. 

This paper w i l l  examine interpretat ion of data for three configurations of 

the EDT test, one without inserts, one with midplane inserts, and one w i t h  

inserts a t  the 0190 interfaces. Four different layups were tested: 

(30~-3~~,30,90,),, n-1 ,2D (35,-35,0,90)s, and (35/0/-35/90)s. These l ayups  were 

4 



designed to yield the lowest delamination onset strain to measure a given Cc 

C43. Laminates were tested i n  the three configurations: ( 1 )  the pure mode-I 

configuration with mid-plane inserts, (2) a mixed-mode configuration with 

inserts a t  the interface between the central 90" plies and the adjacent angle 

plies, and (3) the original mixed-mode configuration where delaminations fo-m 

naturally a t  the  8/90 interfaces. Data generated from EDT tes ts  wi th  different 

coupon sizes and insert thicknesses were compared for compcsites wi th  graphite 
* * * 

fibers (Thornel T300) i n  50th brittle ( N a r m c o  5208) and tough (Cycom BP907) 

matrix resins. The accuracy of f i n i t e  elemen, analysis of mixed-mode ratios and 

the slgnifigance of residual thermal and moisture stresses t o  s t r a i n  energy 

release rates were also addressed. 

* 
Use of Manufacturer's trade name does not constitute endorsement, either 

expressed or implied, by NASA or AVSCOM. 
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HATERIALS 

C3a3posit8 panels of two  graphi te  epoxy le-terials, Thornel 300 (T300) fibers 

i n  Marmco 5208 matrix and T300 fibers i n  Aosrican Cyanamid BP907 matrix, were 

fabricated. Table 1 lists the basic lamina propert ies  (E11,E22,G12,~12) measured 

."or these tuo materials usiag the procedure out l ined i n  reference 2. Panels were 

made with the following layups: (30/-302/30/90n)S, where n=1 or 2, 

(35/-35/0/90)s, anr! (35/0/35/90),. Thin strips . -  of Teflon were fnser ted a t  

selected locat ions i n  each panel using a template. A s  shmn i n  figure 1,  panels 

yere constructed so that coupons with and without i n s e r t s  were cut  from the same 

panel. The Teflon s t r i p s  were either 1.5 or 3.5-m~ls thick,  and were placed 

either at  a s ing le  W90 in te r face  or a t  the midplane tetween the  two cen t r a l  

ninety degree plies.  Coupons were c u t  from the panels with i n s e r t s  extending 

either throughout the width, for determining laminate modulus wi th  the in te r face  

completely delaminated, OF w f t h  i n s e r t s  ex tendim p a r t i a l l y  through t h e  width  

from both edges, for measuring interlaminar fracture toughness. Table 2 lists 

the f i v e  coupon sizes that were tested. Unless otherwise specified, f i v e  inch 

long by one inah wide (size E) coupons were tested. 
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Coupons were loaded i n  tension, through r r i c t i o n  gr ips ,  i n  either a screw- 

driven or hydraulic machine at a r e l a t i v e l y  slow crosshead speed. Tests were 

conducted under ambient laboratory conditions,  i.e. a t  a nominal room 

temperature of 70°F and a r e l a t i v e  humidity of 60%. In  most cases, a minimum of 

f i v e  r ep l i ca t e  tests were performed for each laminate or ientat ion.  Longitudinal 

s t r a i n  was measured using extensometers, either a s ing le  clip-gage or a pai?  of 

direct current  d i f f e r e n t i a l  transducers (DCDT's) mounted on the centers  of the 

f ron t  and back faces of the coupon. Table 2 lists the extensometer gage lengths 

for the various specimen sizes tested. Load and s t r a i n  were continuously 

monitored and recorded on an X-Y recorder. Coupons without i n s e r t s  were loaded 

u n t i l  delaminations formed on t h e  edge and the corresponding abrupt jump i n  thz  

load def lec t ion  curve was observed [l-51. Coupons with i n s e r t s  extending 

p a r t i a l l y  through the width from either edge were loaded u n t i l  a noticeable 

change i n  slope or non-linearity was observed i n  the load-deflection curve. A 

zinc-iodide solut ion was inJected i n  the delaminated interface,  and an X-ray 

radiograph was taken t o  confirm that a delamination had extended from t h e  Teflon 

inser t .  Coupons with i n s e r t s  extending throughout the laminate width were loade? 

unt i l  a load def lect ion curve was obtained for  measuring laminate modulus with 

the  i n t e r f x e  delaminated throughout. 
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ANALYSIS 

Laminated Plate Theory 

The lnterlaatinar fracture toughness ,Go, of a composite laminate is the 

cr i t ical  value of the strain energy release rate, G, required to grow a 

delamination. A closed-form equation was derived for the mixed-mode strain 

energy release rate for edge delamination growth i n  a composite laminate Ell. 

This equation 

* 2 
E t  G = -  2 1 

where E - nominal tensile strain 

t = laminate thickness 

- .I laminate modulus 

E a modulbs of a laminate completely delaminated along one or more 
CLAM * 

interfaces 

is independent of delamination size. The strain energy release rate depends on 

the laminate layup and the location of the delaminated interface, which 

determines (EtAM- E 1. If the lamina properties are known, then ELAM and E 

be calculated from laminated plate theory and the r u l e  of mixtures  C1-51. The 

(30/-302/30/90n1s layups delaminate a t  the 30190 interfaces. 

* * 
can 

As outlined in ref.Cl1, after delamination these layups are modeled as 

three sublamindtes, two (30/-301,, and one 

to account for the loss i n  transverse contraction as delaminations grow under an  

applied strain. Thus, 

laminate, loaded i n  parallel 
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* 8E(30/-3U) + 2nE(90! 
8+2n E =  

is equal to EZ2, and E(30i-30, can be calculated either f rn l !  Where E(90) 
laminated plate theory or measured from a tensile test of a (30/-30), iainste 

[l-51. The (35/-35/0/90)s and (35/0/-35/90)s layups delaminate between the 3/90 

and -35190 interfaces, respectively. After delamination, these laminates are 

modeled as two (35/0/-35), sublaminates and one laminate, yielding 

6E(35/0/-35) + 2E(90) E* = 8 (3) 

may be calculated either from laminated plate theory or (35101-35) where E 

measured from a tensile test of a (35/O/-35)s laminate. However, assuming the 

sublaminates to be symmetric yields a slightly different axial modulus than if 

they are modeled as (35/-35/0) and (35/0/-35) asymmetric laminates due to the 

bending-extension coupling and twist-extension coupling present in these two 

asymmetric layups, respectively. The axial modulus of an asymmetric layup may be 

calculated from laninated plate theory by assuming N y, Nxy.  K ~ ,  My, and IC 

all zero for a constant 

yields a slightly lifferent axial modulus for the asymmetric: configuration than 

for the symmetric configuration. 

are 
XY 

C8,9,101. This technique allows for a t?on-zero K and 
Y 

Table 3 compares the axial modulus calculated from laminated plate theor? 

for the (35/-35/0) arid (35/0/-35) sublaminates for both the symmetric and 

asymmetric configurations using lamina properties from table 1. A small 

difference in modulus was obtained for the (35/-35/0), layup compared to the 

(35/0/-35), layup, but no significant difference was observed for the 

(35101-35) layup. 
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Because the delaminations that formed naturally (i.e. without art if icially 

implanted inserts) at  e/90 Interfaces in -111 the layups tested wandered from one 

W90 interface to  its symmetric counterpart (fig.2a1, these laminates were a l l  

modeled as a se t  of three symmetric subianlnates after delamination ( f ig .2b) ,  

L1-51. However, for the laminates that contained Teflon inserts i n  one 9/90 

interface (fig.2~1, the  laminates were modeled as two asymmetric sublaminates 

after delamination. Hence, the equations for the.deiaminated modulus , E  , for 

t h e  (30/-302/30/90n)s, (35/-35/0/90)s, and (35/0/-35/90)s layups become 

* 

* 3E(35/0/-35)T + 5 E  ( 35/0/-35/902) 
8 E 5 -  

respectively. The asymmetric sublardinate moduli i n  equations 4-6 were calcul.?ted 

using ,lamina properties from table 1 and .:e listed i n  table 3. Tzble 4 ( ' 3  -zr  * I  

the delaminated modulus, E , calculated for the natural delamination to  E 

values calculated for the single artificially-delaminated 9/90 interface. The 

differences among E values, and hence the corresponding differences among C 

values from equation ( l ) ,  i l lustrate that for the natural delamination case the 

delamination is driven only by a misniatch i n  transverse (Poisson) contraction 

between the sublamlnates, b u t  for the art if icially delaminated case, the 

delamination is driven by a combination of Poisson mismatch and the curvature 

assumed by the asymmetric sublaminates before the delamination grows from the 

insert. 

* 

* 
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If the insert is placed a t  the mid-plane between the two central 9O0p1ies 

(f ig.2d), as w a s  proposed In reference [ I : ,  then no Poisson mismatch results, 

and the delamination is driven entirely by the curvature assumed by the 

asymmetric sublaminates before the aelamination grows frcs the insert. For t h i s  

mid-plane delamination case, the  delaminated moduli of the (30/-302/30/90n)s, 

and (35/O/-35/90)s layuc' become 

(35/-35/0/90) E = E  

* 
E * E  (35/0/-35/90), 

respecti-Iely. The asymmetric moduli in eqs.7-9 

(9) 

were calculated using lamina 
* 

properties from table 1 and listed i n  table 4 as E for a midplane (90/90 

Interface) insert. ikca I e these midplane delaminations are driven entirely by 

asymmet .c sublaminate cu.*va:ure w i t h  no Poisson mismatch, the delamination is 

purely an openfrig mode-I f ra rdre .  Therefoye, for midplane del&;.,nat ion, eq. 1 

becomes 

* 2 . e  L GI 5 - - E )  2 ( E ~ ~ ~  

* 
where E is calculated from one of eTuations 7-9. for the particular l zyup  

tested. 

Recently, an analysis was developed that incorporates the influence of 

residual thermal and moisture stresses t o  the strain energy release rate for 
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a@e delaeiratior. [lo]. This analys is  yielded the following equation Por the 

total strain energy release rate 

(11 1 = %&AM - tSUBUSUB - t90% 

where t is the thickness and u is the $tram energp densi ty  of the original 

laminate (M), the sublamhates (SUB) ,and the ninety degree p l i e s  (901 - The 
strain energy densi ty  is defined as 

. N  

where fQ is the number of plies,  and {e); is the transpose of the total s t r a i n  

vector for the k t h  ply, which includes contr ibut ions from mechanical lcading, 

them1 gradients  (AT); and h p p s c o p i c  (moisture) percentage weight wfn 

(AH).  The ekresa vector for the k t h  p ly  i n  eq.12 is given by 

where [Zlk is the transformed reduced stiffness matrix of the  k t h  ply as dePined 

i n  laminated plate theory. Therefore. equation 11 requires  a ply-by-ply 

evaluation of the s t r a i n  energy denat ty  i n  the laminated and delaminated regtons 

to account for the b iax ia l  thermal and moisture stresses p! ~ e n t  i n  the 

lam ina te . 
Figure 3 shows the influence of res idua l  thermal and moisture stresses on C 

for edge delamination i n  the -30190 i n t e r f acs s  of the  eleven-ply 

(30/-30/30/-30/90/9)s laminate w i t h  an appl ied  mechanical s t r a i n  of 0.01 and 

AT - -280OF. As shown on the ordinate ,  the s t r a i n  energy release rate due t o  

12 



mechardcal loacltng only, 8, ca lcu la ted  from eq.11 is i den t i ca l  t o  C ca lcu la ted  

fiols eq.1. However, i f  the residual thermal s t r a i n  is included, the strain 

energy release rate, GH'T, is higher than # for the same appljed mechanical 

s t r a i n .  If the laminate also absorbs moisture, the res idua l  thermal stresses are 

relaxed and the s t r a i n  energy release rate, G H+T+H, decreases depending on the 

percentage of moisture weight gain, AH. For the case shown i n  fis.3, the 

residual them1 stresses are completely relaxed after a mistwe weight gain of 

approximately 0.7% where G M+T+H is equal to  CN. ~ p o x y  matr ix  composites may 

absorb nearly this much water f r o m  the ambient laboratory air  in a matter of 

weeks [lo]. Therefore, the influence of r e s idua l  thermal stresses may be 

r e l a t i v e l y  small at  ambient conditions, but may become more significant under 

dry or water-saturated conditions. Furthermore, composites that are manufactured 

at  highet temperatures but absorb very l i t t l e  moisture may requi re  that thermal 

and moisture effects be included i n  the G ana lys i s  for edge delamination. 

However, the r e l a t i v e  conb ibu t ion  of residual thermal and moisture stresses to 

G is smaller for toughened-matrix composites that delaaiinate a t  high s t r a i n s  

because a large mectanical s t r a i n  a t  delamination onset has a much greater 

contribution to  the s t r a i n  energy released than AT o r  hH. 

The tests i n  t h i s  study were conducted on graphite epoxy materials i n  the  

ambient laboratory environment described earlier. Therefore, the influence of 

res idua l  thermal and moisture stresses were not included i n  the  data reduction 

for these tests. 

F i n i t e  Element Anal,-sis 

A quasi-three dimensional f i n i t e  element analysis was performed w i t h  the  

virtual-crack-extension technique t o  determine the  GI, CII,  and GIII  components 
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of the total strain energy releaae rate for saeral  conf igmat ions  of the edge 

delamination test El-53. I n  r -ence [l], the GI,GII, and GIII components were 

calcuated for an eleven-ply (30/-30/30/-30/90/&, layup that delaminated i n  tha 

-30190 Interfaces. The CIII component was negl ig ib le  for t h i s  layup. The 

delamination g r o w t h  was eodeled for four d i f f e r e n t  i n i t i a l  delamination sizes. 

The r e s u l t s  indicated that the GI/GII racio varied with delanination size; 

however, the f i n i t e  element mesh used :n ref.[1] was very coarse for the longest 

delanination sizes deled. Subsequent f i n i t e  e l d n t  analyses of t h i s  layup 

[2], and other layups L4.51, were performed with a single mesh refinement for 

a l l  delamination lengths. These analyses indicated that the GI and CII 

components were independent of delaaination length. 

Recently, an anisotropic e l a s t f c i t y  so lu t ion  and .s ingular  hybrid f i n i t e  

element formulation were employed t o  analyse t h e  s t r a i n  energy r e l ease  rate 

components for edge delamination [ l l ] .  Figure 4 compares the nondimensionalized 

s t r a i n  energy release rate components calculated for delamination In the -35/90 

in te r faces  of a (0/35/-35/90)s laminate using both the displacement-based. 

eight-noded square, parabolic f i n i t e  elements and the s ingular  hybrid element at 

the delamination front.  Both analyses were performed with seve ra l  d i f f e r e n t  mesh 

refinements, and the r e s u l t s  have been p lo t t ed  as a function of element size a t  

the delamination fpont, Aa, normalized by ply thickness, h. Between 0.18 < Aa/h 

< 0.55, the singular hybrid element y i e l d s  constant GI and GII values .  However 

i n  reference [ill, the s ingular  hybrid ana lys i s  yielded variable GI and GII 

values fo r  s i n g u l a r i t y  element sizes Aa/h < 0.18, and for  aa/h > 0.55. The 

reasons f w  these va r i a t ions  are the following. F i r s t ,  fo r  Aa/h < 0.18, t he  

neighboring regular eight-noded elements are a l s o  subjected t o  the singular 

stress f i e l d .  Thus, t h e  crack t i p  element is too small. Second, for  Aa/h > 0.55, 

the  crack t i p  singular elements are required t o  capture both the singular and 
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far-field components, which the s ingular  element is unable to  handic. Thus the 

crack t i p  element is too 'awe. However, when the size of the s ingular  element 

is 0.18 < Aa/h < 0.55, the element is not subjected to these extreme 

requirements and is able to  de l inea te  the stress f ie ld  accura te ly  and y ie ld  

accurate GI and GII values. Therefore, the s ingular  hybrid ana lys i s  w i t h  mesh 

refinements i n  this range may be used as a bench mark so lu t ion  to  compare to  

other solutions. 

I n  con t r a s t  to  the r e s u l t s  for the s i n g u l a r h y b r i d  element, the GI and GII 

values calculated with the eight-noded displacement-based element a t  the 

delamination f r o n t  vary continuously w i t h  Aa/h. Therefore, a converged so lu t ion  

is never obtained for t h i s  element using the  virtual-crack-extension t e c h n i ~ u e .  

However, if an element size of Aa/h=O.25 is used, the G components ca lcu la ted  

w i t h  the eight-noded element agree f a i r l y  w e l l  w i t h  the  singular-hybrid element 

results. Hence, four square elements through the ply thickness, w i t h  dimensions 

Aa/h - 0.25, appear t o  be a good choice for the d isp  csment-based f i n i t e  

element mesh a t  the delamination front.  Table 5 lists the ,.atio of GI to  the 

total C calculated for'the four ,ayups tested i n  t h i s  study with eitsier na tu ra l  

delamination, where both 9/90 intepface delaminations are modeled, or for a 

s ing le  9/90 delamination growing from an i n se r t .  These G /G ratios were 

calculated using the displacement-based f i n i t e  element a n a l y s ' s  with t h e  

suggested mesh refinement. The t o t 3 1  G consisted of GI and GII only since the 

calculated GIII component was negl ig ib le  fo r  each case. 

I 
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Test  data were colilpared for laarinatea w i t h  Various insert thicknesses, 

Insert locations,  and coupon shes to Indentin. i f  these differences i n  

configuration influenced i n t e r l a a i m  fraut- toughrlesa measurement. Because 

previous studies using the edge delamination test on graphite epoxy composites 

indicated that the % cocaponent alone a#ry m n t r o l  the onset of delamination, the 

GI components of the measured Gc for d i f f e r e n t  layups were compared first L4.51. 

I n  addition, Gc measurements W e  plo t ted  ds a function of the GI and CII 

components assuaiing a l i n e a r  failure criterion. 

Variation i n  G c w l t h  Insert thic'kness 

Because the in te r laminar . f rac ture  toughress is ineastwed a t  the onset  of 

delamination from the  i n s e r t  embedded a t  the straight edge, the thickness of the 

insert w i l l  determine the r e l a t i v e  sharpness of the delamination front .  If the 

insert is too  thick,  the delamination may behave as i f  the crack t i p  was blunted 

an1 P.:sd a p i n i t e  notch root  radius. This blunted crack would y i e l d  higher 

-:?parent toughness values than a sharp crack. Therefore, EDT coupons were made 

w i t h  two d i f f e ren t  insert thicknesses, and data were compared t o  adhesive bond 

toughness data with comparable bond thicknesses t o  deter.mine i f  interlaminar 

fractvre toughness values could be obtained from coupons wi th  inserts. 

Figure 5 compares interlaminar f rac ture  toughness measurements for 

(30/-302/30/902)s laminates made of T303/5208 and T300/BP907. Tests were 

conducted on laminates with 3.5 and 1.5-mil inserts a t  the  midplane, and on 

laminates without inser t s .  A l l  three configurations showed t h e  improved 
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toughness of the ¶'3OO/BP907 -ed to  the T300I5208 eaterial. For both 

matelals, the laminates w i t h  the thicker insert= yielded higher apparent 

toughrress values than the laminates with the thinner inserts. 

As illustrated i n  fig.6, these rem.' w say be colapared to Practure 

toughness rseasuresaents of adResive boolds assming that the r e s i n  pocket that 

forms a t  the end of Ure insert is analagous t o  an adhesive bond with a 

thickneas,t,,, equal t o  the insert thickness. Previous work on adhesive bmd 

fracture indicated that the bond thickness must be below a c e r t a i n  value t o  

achieve a real;atic fracture toughness emasurement c121. Figure 7 shows fracture 

toughness emasurements determined f m n  double can t i l eve r  beam (WB) adhesive 

bond tests, w i t h  BP907 as the adhesive, as a function of bond thickness. The 

data ind ica te  that fracture toughness is constant for bond thicknesses below 2.5 

m i l s .  For bond thicknesses @eater than 2.5 m i l s ,  fracture toughness 

measurements are u n r e a l i s t i c a l l y  high due t o  the relaxed cons t r a in t  on the r e s i n  

allowing 'greater localized p las t ic  deformation near the crack t ip .  Using the 

adhesire bond analogy, the GIc r e s u l t s  shown i n  fig.5 for T300lBP907 EDT tests 

may be artlficialiy elevated for the laminates with 3.5-mil inserts, but GIc 
* 
*-. values for laminates wi th  1.5-mil insertc should be rep tesenta t ive  of GIc fo r  
- delaminat ion growth between p l ies .  

F igure  5 a l s o  shows Gc r e s u l t s  f o r  laminates without i n s e r t s  (open symbols) 

and their GI components ca lcu la ted  from f i n i t e  element ana lys i s  (table 5) .  For 

the T300/BP907, the  GI component of the na tu ra l  delamination mixed-mode test  

agrees well with the GIc measurement from the  laminate with the 1 . T - m i l  i n s e r t  

and GIc measurements from DCB tests on t h i n  adhesive bonds ( f ig .7)  C121. 

For the T30015208 laminates, the GI component of thrj na tura l  delamination 

mixed-mode test was higher than t h e  CIc measurements from laminates with both 

the  1.5-mil and 3.5-mil. midplane in se r t s .  How.3ver. these natural delamination Cc 
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values were higher than Gc values measured prevtously on eleven-ply layups [ l  3 , 

and they  had considerably more scatter than the  OIc measurements, which may 

indicate that extensive matrix cracking may have been pregent i n  t he  four 

c e n t r a l  90-degree p l i e s  before delaminattgm otzeurred c41. Therfors, these 

experiments were repeated on ten-ply (30/-30,/30/90)8 laminates that were less 

l i k e l y  t o  experience extensive matrix qracking before delamination became of 

the reduced number of ninety-degree plies.  

Figure 8 s h o w s  r e s u l t s  obtained @am the tea-ply T30015208 laminates. The 

total Gc measurements were s l i g h t l y  fever and had less scatter than r e s u l t s  for 

the twelve-ply laminate, but the 5 component still exceeded the GIc values 

obtained from the two midplane insert teats. The t rend  of higher interlaminar 

fracture toughness for the na tura l  delamination compared t o  the' fracture 

toughness of the th in  adhesive bonds simulated by the tefJon inserts is 

cons is ten t  wi th  the t rends  noted when comparirrg neat  r e s i n  GIc f'racture 

toughness values for br i t t le  r e s i n s  t o  interlaminar GIc values as measured by 

composite double cant i lever  beam (DCB) tests C131. For example, f igure 9 shows 

the cor re la t ion  between neat r e s i n  GIc and composite CIc For 4 variety of resin 

matrices. For the tougher r e s ins ,  neat  r e s i n  Gzc exceeds composito GIc due t o  

the large plastic zones tha t  form i n  neat r e s i n  fracture t e s t a .  However, for the  

brittle r e s i n  matrices, neat r e s i n  CIc is less than CIc for the composite. 

Apparently, the close proximity of the fibers i n  the composite, wnich is 

analagous t o  a very th in  bond l i n e ,  does not s ign i f i can t ly  lower toughness by 

increasing cons t ra in t  fo r  the br i t t l e  r e s i n ,  but may ac tua l ly  increase the 

toughness due t o  the in te rac t ion  of t he  crack f ron t  with the fibers creating 

more p l a s t i c  flow loca l ly  a t  the fibers than was observed tn neat resin 

fracture tests C141. 
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A l l  subsequant test data reported was generated with the 1.5 m i l  inserts 

and compared t o  data generated from coupons without inser t s .  

Variation in Cc with insert loca t ion  

Figure 10 compares the GIc values for midplane delamination oL” the 

T300/BP907 ten-ply (30/-302/30/90)s layup w i t h  the GI components of Gc for the 

naturalmixed-mode delamination, and for mixed-mode delamination from inserts i n  

a s i n g l e  30/90 interface. These GI values are i n  exce l len t  agreement. Therefore, 

a l l  three configurations of this 30/90 layup y ie ld  si-klar r e s u l t s  for the 

T300/BP907 toughened-matrix composite. 

Variation i n  Gc with coupon size 

Mixed mode delamination tests where conducted on (35/-35/0/90)s T300/5208 

laminates w i t h  and without inserts, and on T300/BP907 laminates without inserts, 

using f i v e  d i f f e r e n t  coupon sizes (table 2). Figure 11 compares Gc measurements 

for the f i v e  coupon sizes. The va r i a t ion  i n  mean values of Gc measurements for 

the  T300/5208 and T300/BP907 laminates without i n s e r t s  w a s  small compared to  the 

scatter i n  the  data for each coupon size. However, for the T300/5208 laminates 

with inser t s ,  the  coupons with t e n  inch gage lengths appeared t o  y i e ld  s l i g h t l y  

lower Gc values than coupons with f i v e  inch gage lengths. This  d i f fe rence  may be 

attr ibutable t o  the contribution of curvature t o  delamination growth discussed 

previously. The uniform I( curvature i n  the asymmetric sublaminates may be less 

extensive in the shor te r  specimens because of the smaller distance between t h e  

g r ips  i n  the shor te r  coupons. 

Y 
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Variation i n  Gc with Layup 

S 
Figure 12 compares Gc and Glc data for (35/-35/0190)s and (35/0/-35/90) 

T300/5208 laminates with no inserts, with midplane insert§,  and with i n s e r t s  a t  

a single 9/90 interface.  For the mixad-mode mnfigurat ibns,  the  bc values fo r  

t h e  two lapupa do not agree. Table 5 s h o w s  that M e  %/G Patios f o r  these two 

-lamps are di f fe ren t .  Altho- the two layups have different &de f percentages, 

fig.12 indicates that the GI components for delaminatiah omet from the  insert 

i n  the 9/90 in te r face  are nearly iden t i ca l  for both lagups. The GIc values from 

coupons of the two layups containitrg midplane ineerts also w e e .  However, the 

.- 

values from laminates -:+h midplane inserts were lower than the  GI cIc 
components of Gc for laminates with 9/90 i n t e r f ace  inserts. Aa noted earlier fo r  

the 30190 layup, for the brit t le 5208 matrix coqms i t e  the toughness 

measurements from laminates with i n s e r t s  are lower than the measurements from 

na tura l  delamination. 

Although the data generated i n  t h i s  s tudy  indicates that the GI component 

is responsible f o r  delamination growth even under mixed-mode loading, the 

c r i t e r i o n  fo r  mixed-mode delamination may be generally expressed as a failure 

envlope defined by the polynomial 

I n  reference C153 interlaminar fracture data i n  the l i t e r a t u r e  was p l o t t e d  and 

indicated t h a t  a linear f a i l u r e  c r i t e r i o n ,  where mu1 and n = l ,  provided the best 

f i t  t o  the  data.  Figures 13 and 1 4  show similar  p lo t s  for  T300/5208 and for  

T300/BP907 using the  data  generated i n  t h i s  s t u d y  along w i t h  edge delamination 

20 



data for T300/8P907 from ref.Cl63, and CIIc data from End-notched f lexure  tests 

C171. These pl.ots also indicate that a l inea r  failure criterion may be 

appropriate, however data from tests with other Gf/GII ratios are needed t o  

accurately determine the shape of the  failure envelope. Because the GIIc values 

are nearly an order of magnitude larger than the CIc values for these two 

materials, the  failure envelope is almost horizontal  over the range of Cr/CII 

ratios tested. Therefore, even i f  delamination failure is governed by a l i n e a r  

failure criterion as depected in figures 13 and 14, the failure appears  to be 

control led by the 

figures 5,10, and 12. 

component alone when the data is plotted as shown i n  

DISCUSSIOd 

This discussion w i l l  summerize some of the advantages and disadvantages of 

the the edge delamination tension (EDT) test configurations u i t h  and without 

inser ts .  Some advantages and disadvantages are common t o  both configurations. 

The EDT test involves a simple loading, does not requi re  a measurement of 

delamination size, may be conducted on a var ie ty  of layups t o  provide a range of 

mixed-mode ratios, y i e lds  data consis tent  with other interlaminar f r ac tu re  

tests, and provides a ranking of the r e l a t i v e  interlaminar f rac ture  toughness of 

d i f f e ren t  composite materials. However, for EDT layups with zero-degree p l i e s ,  

Gc measurement is l imi t ed  by the f a i l u r e  strain of the fibers, whereas for  

layups without zero degree p l i e s ,  toughened-matrix composites may e x h i b i t  

nonlinearity i n  the  load-displacement curve before delamination onset C2,41. 

Alternate layup designs such as  (35/-352/35/02/90)s,where the  increased laminate 

thickness reduces t h e  s t r a i n  required t o  measure a given Gc,may overcome these 

l imitations.  No closed-form elasticity solut ion exists for  edge delamination 

t h a t  y i e l d s  G I , G I I ,  and CIII f o r  a rb i t r a ry  layups,  however, a singular-hybrid 
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finite element ana lys is  yie-lds a benoh'%aFk aolu t ion  for the various 0 

components. The Cc measwentents f'ram the  B T  test ma$? be influenced by res idua l  

thermal and moisture stresses, which csvl be included i n  the data reduction But 
' 

would requi re  measurement of stress fVee temp&ratwe, moisture content, and 

moisture and thermal coefficimts of expansion. 
- 

One motivation for inaludin# i n s e r t s  a t  t%? ewe wag t o  Pemave the 

uncer ta in t ies  i n  assuming the delaminations khat, natura l ly  wander from one 0190 

interface t o  another (fig.2a) cah be mbdeled as t W e e  sublaminates loaded i n  

parallel (fig.2b). Although the foFmahit3n of t he  pa t te rn  ahom i n  fig.2a along 

the edge is random, once the pa t t e rn  is forloed it remains unchanged as the 

delamination grows through the laminab width. Therefore the delamination growth 

through the width is self-similar, and the s t r a i n  energy release rate associated 

with th i s  growth is reflected i n  eq.1; as long a8 the delaminated modulus, 

E ,accurately represents  the modulus after the na tu ra l  delamination has extended 

through the laminate width. Plots of modulus as a f u n c t i o n  of delamination size 

* 

were generated i n  previoua s tud ie s  and indicated that eqs.2-4 provide a fairly 

accurate estimate of delaminated laminate modulus .[1 , 18,191 Inclusion of an 

insert throughout the laminate width a t . t h e  appropriate in t e r f ace ,  kowever, 

provides a direct measure of the delaminated modulus, i n  addi t ion  t o  providing a 

s ing le  planar delamination f r o n t  f o r  EDT tests. Therefore, the i n s e r t  eliminates 

the  need for lamina property measurements and laminate plate theory ana lys i s  t o  

determine E . However, the EDT tests wi th  inserts hove some disadvantages not 
* 

found i n  the na tura l  delamination coupons. A template is needed t o  locate 

i n s e r t s  during the layup of the panel,  and €he insert material may deform d u r i n g  

the cure r e s u l t i n g  i n  non-uniform i n s e r t  thickness i n  t h e  panel. Non-uniformity 

of insert thickness may cause uncer ta in t i ty  i n  the determination of E and Cc. 

I n  addition, the deviation from the  l i n e a r  load-displacement curve is not as  

* 
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abrupt for laminates w i t h  inserts. Because the delamination grows from an 

embedded insert, delamination onset cannot be visually verified. Hence, the 

delamination onset strain is more difficult to  determine i n  laminates with 

inserts. Furthermore, because implanted delaminations a t  one asynrmetrically- 

located interface or a t  the midplane result i n  a !x?nding-extension coupling 

contribution to  E , Gc measurements may vary s l i g h t l y  with specimen size. 

Table 6 swrmerizes the  advantages and disadvantages of the edge 

* 

delamination test. Most of the concerns about accurate Gc measurement with the 

EDT tes t  may be overcome by choosing appropriate layups, thicknesses, and coupon 

sizes, or by implanting inserts a r t  selected interfaces. However, for a l l  the 

configuratiohs of the edge delamination test ,  residual thermal and moisture 

stresses w i l l  contribute to  the strain energy release rate for edge 

delaminat ion. 

The significance of residual thermal and moisture stresses to  strain energy 

release rates ultimately depends on how these measurements are used. If 

toughness measurements are used t o  compare mclterials for improved delamination 

resistance, then these thermal and moisture effects become of secondary 

importance. This is especially true i f  tests are conlucted a t  room-temperature 

ambient conditions, and the difference i n  toughness measurements for different 

materials is large [3,5]. For example, the seven percent error i n  G calcuiated 

f ?  reference [lo] due to  neglecting thermal and moisture effects for T30015208 

EDT t es t s  is insignificant compared t o  the ten-fold increase i n  Gc measured for 

composites with toughened matrices [3,5]. I f ,  however, these interlaminar 

C 

toughness measurements are used as delamiaztfon fai lwe criteria t o  predict 

delamination growth i n  composite structures of the same material, bJt with 

different geometries and loadings, then these thermal and moisture effects may 

become more significant. Other factors may need t o  be addressed to  accurately 
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oalculate  G. For example, assuming a-oons tan t  AT from the cure temperature over 

which t\ere exists a oonrtant  coef f ic ien t  of thermal expansion may be physical ly  

unrea l i s t ic .  I n  addi t ion,  assuming tha t  the average moisture content of the 

laminate is representat ive of the moisture content a t  the delamination f’ront may 

also be i n  e r ror .  Some knowledge af the moisture d i s t r ibu t ion  thrmgh the 

laminate may be needed. The detailed information required for cz.-$!‘ully 

conducted laboratory tests may not be ava i lab le  t o  analyn 

release rate for the delamination growing in the s t r u c t u r  rerihellm , 
conducting edge delamination tests where chese effects can be quantified,  and 

compared to  data from other interlaminar f’raoture toughness tests where these 

effects are not  present,  vould help doaument the r e l a t i v e  influence of res idua l  

thermal and moisture stresses on the interlaminar f rac ture  of composite 

materials. 

n s t lea in  energy 

CONCLUSIONS 

Edge delamination tension (EDT) tests were performed on both bri t t le 

(T300/5208) and toughened-matrix (T300/BP907) graphite reinforced composite 

laminates designed to  delaminate a t  the s t r a igh t  edge. The mixed-mode 

interlaminar f rac ture  toughness,Gc, was calculated from s t r a i g h t  edge 

delamination data measured during tension tests of i30/-302/30/90n)s, no1 or 2 ,  

(35/-35/0/90)s, and (35/0/-35/90)s laminates without i n se r t s ,  and laminates w i t h  

i n s e r t s  a t  the 0190 interface.  In  additiori, mode interlaminar tension f rac ture  

toughness, GIc, was measured from laminates with f h e  same layups  but wi th  

i n se r t s  i n  t h e  midplane a t  the  s t ra ight  edge. The influence of i n se r t  thickness 

and location, coupon size, and layup,on Gc measurement was evaluated. Based on 

t h e  r e s u l t s  of t h i s  study, t h e  following conclusions were reached: 
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1 . A l l  configurations of the EDT test were . f u l  for ranking the 

delamination res i s tance  of composites with different. matrix res ins .  

2.Strain energy r e l ease  rate components may be accurately calculated w i t h  

displacement-based elements, using the virtual-crack-extensim techr.ique, 

i f  eight-noded square darabolic elements are used a t  t h e  ZeTamlnation 

f ron t  with side dimensions equal to  one quarter of the p l y  thickness. 

3.FOr toughened-matrix composites, laminates w i t h  1.5-mil th i ck  i n s e r t s  

vielded interlaminar f rac ture  toughness numbers consis tent  with data 

generated from laminates without inser ts .  

4.Coupons of various sizes yielded similar r e su l t s .  

5.Deli3?nination appeared t o  be governed by a l i nea r  failure c r i t e r i o n  

r e l a t ing  GI and GII. 
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TABU31 - ttapino#aterial Properties 

TUH115208 T3oolBp9o7 

Ell. mi 18.2. 15.0 

E=. mi 1.23 1.23 

Cl2S -1 0.832 0.700 

0.292 0.31 4 v12' 

TABLE2. - SpechenD€srnnstons 

-Coupon Size Lengthsin. Yidth,€n. Grip distance,tn.. e lerrgth,in. 

A 10 1.5 7 4 

B 10 1.0 7 4 

C 10 .. 0 -5 7 

D 5 0.5 3 

E 5 1.0 3 
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' P A W  3 - Influenoe of &-try on Sublamlnate HDduli 

9.698 

9.698 

9.%2 

6.468 

6.664 

7.030 

5 . 640 

4.885 

8.051 

86 353 

7.927 

5.436 

5.604 

5.899 

4 -770 

4.150 

30 



i 
TABLE 4 - Delaminated t40dulus.E for different EDT conflguratlona 

* 
Delamfnated Edodu1ua.B ,#si 

~lat;lral e m  e190 insert 90190 insert 

5.870 - 6.196 - -6.420 

5-097 5.600 5.640 

- 

7.582 7.620 7.550 

7.502 7.002 7 . 855 

4.965 5.222 5.404 

4 343 4 -733 4.770 

6.346 6.370 6.31 0 

6.346 6.522 6.570 
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TABLB 6 - Advantages and Disadvantages of the EDT best,: -;- 

Natural Delamlnat ion' 

uo Inserts 

*Easy to manuf'acture 

'Distinct Jump i n  load- 

displacement curve and 

delamination v i s i b l e  a t  

onset 

*No size effect on Gc 

*Delamination typical 

of those i n  s t r u c t u r e  

ADVANTAGES 

Artif icial Delamination Both 

with inserts Configwat ions 

Well-defined delamination *Simple loading 

plane on edge % independent of 
* 

*E measured di rec t ly  delamlnatlon size 

*Several layups 

for range of mixed- 

mode condi t ions 

*Data cons is ten t  with 

other t o q h n e s a  tests 

*Provides ranking of 

Interlaminar Fracture 

Toughness of 

Compos i tes 
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DIS;AOVAU'&Am 

Uatural Delamination btif icial Delqminat&sn Both 

Io0 Inserts with inserts Configuratiw 

*Irregular Delanination fRequirtq Template to make "Gc measurement limited 

fojlms on edge panel by fiber fa i lure  
* * 

*E must be calculated *B measuremqnt affected Won-linear behavior 

by insert uniformity may occur befix-e - ::- 

*Delamination onset delamination onset 

hard to detect *No closed-form 

*Some size effecc on Gc solution for G 

components 

*Residual thermal and 

moisture stresses may 

infhence Gc 
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